Abstract The recent emergence of new experimental tools employing sensitive fluorescence detection in vivo has made it possible to visualize various aspects of gene regulation at the single-molecule level in the native, intracellular context. In this review, we will first describe general considerations for in vivo, single-molecule fluorescence detection of DNA, mRNA, and protein molecules involved in gene regulation. We will then give an overview of the rapidly evolving suite of molecular tools available for observing gene regulation in vivo and discuss new insights they have brought into gene regulation.
Introduction
Many cellular components involved in gene regulation exist at low levels. For example, a genetic regulatory circuit may consist of one or two DNA copies of a gene and a few tens of DNA-binding transcription factor molecules, with random production of relatively short-lived mRNA transcripts that are each a template for the translation of a handful of protein molecules [24, 30, 33, 34, 75, 85, 93] . While the number and temporal/spatial distribution of these molecules are often important for a cell to carry out specific functions and, consequently, determine cell fate, such low copy numbers inevitably lead to random fluctuations, or noise, in their production and regulation (reviewed in [3, 14, 41, 42, 59, 70] ). In addition, these molecules are often influenced by their unique cellular environments, giving rise to further levels of cell-tocell variation [16, 54, 60, 61, 87] . A deep understanding of how cell-fate decisions are made amidst these inevitable variations sometimes require the ability to measure how gene regulation is executed at the single-molecule and single-cell levels. In a recent demonstration of this requirement, a singlemolecule mechanism of stochastic switching of Escherichia coli cells to a lactose-metabolizing state was only revealed by in vivo single-molecule experiments [12] .
The recent emergence of new experimental tools employing sensitive fluorescence detection in vivo has made it possible to visualize various aspects of gene regulation at the single-molecule level in the native, intracellular context. In this review, we will first describe general considerations for in vivo, single-molecule fluorescence detection of DNA, mRNA, and protein molecules involved in gene regulation. We will then give an overview of the rapidly evolving suite of molecular tools available for observing gene regulation in vivo and discuss new insights they have brought into gene regulation. We focus mostly on experiments and methods in prokaryotic systems because many of the methods were first developed in bacterial cells, but we also touch upon on some single-molecule methods that are commonly used in higher organisms.
Considerations for achieving single-molecule detection in vivo
The principal challenge in visualizing single biomolecules in vivo lies in generating a signal above the background of cellular autofluorescence. Background fluorescence from unbound and non-specifically bound fluorescent probes poses an additional complication. Generally, single-molecule methods achieve a sufficient signal-to-background ratio by combining several strategies: optimizing excitation and detection, choosing fluorophores with appropriate photochemical properties, and improving fluorescent signals.
Optimizing excitation and detection
Most single-molecule fluorescence experiments-especially those in living cells-require higher-power excitation sources and detectors with higher sensitivity and lower noise than those needed for ensemble fluorescence imaging. Requirements for excitation wavelength vary depending on the choice of the fluorophore but generally, fall in the visible range between 450 and 700 nm, with the most commonly used lines at 488, 514, 532, 561, and 632 nm. The illumination power density is usually around 0.5 kW/cm 2 or higher for single-molecule detection in vivo [67] , which requires a total power output intensity of monochromatic light ∼50 mW or higher (assuming that power loss in the optical pathway does not exceed ∼50 %). This is many times higher than the amount of power available in a ∼40-nm band of visible light (i.e., a typical width for excitation filters) from mercury arc lamps and other excitation sources generally used for ensemble fluorescence imaging. Until recently, single-molecule experiments usually used large, expensive gas lasers and optically pumped dye lasers. Now, improvements in diodepumped, solid-state lasers [51] (including new technologies such as optically pumped semiconductor lasers) have led to affordable lasers available at powers and wavelengths suitable for single-molecule imaging. Many microscope manufacturers now offer solid-state laser illumination options. Many user-friendly solutions, including Coherent's Obis and Cobolt's 04-01 series lasers, are now available commercially. Ideally, the excitation wavelength should match the peak of the fluorophore excitation spectrum; recent advances in super-continuum lasers have made it possible to excite at any visible wavelength at powers high enough to detect single fluorescent protein molecules [72] .
In addition to maximizing excitation, sensitive singlemolecule imaging also requires the use of deep-cooled, electron-multiplying charge-coupled device (EM-CCD) cameras. These cameras have quantum efficiencies of ∼90 % in the visible light range (meaning that nine in ten photons incident on the CCD chip are detected) and are cooled to temperatures as low as −100°C to reduce thermal detector noise. EM-CCD cameras meeting these criteria that utilize the e2v CCD97 (with a 512×512 array of 16 μm× 16 μm pixels) or CCD201 (with a 1,024×1,024 array of 13 μm×13 μm pixels) sensors are available from Roper, Andor, Hamamatsu, and other vendors.
Using oil-immersion microscope objectives with high numerical apertures (>1.4) also improve detection efficiency. Large numerical apertures capture a larger fraction of emitted light and minimize cell background by reducing the depth of field. Background can also be reduced by using total internal reflection (TIR) microscopy, in which laser light is incident at an angle beyond the critical angle for total internal reflection and the sample is excited by an evanescent field that decays exponentially with increasing distance from the glass/cell interface [1] . However, TIR illumination generates an illumination field up to a few hundred nanometers from the glass/cell surface, while single-molecule studies of gene regulation generally require illumination of intracellular regions further away from the coverslip.
Simultaneous imaging of two fluorophores of different colors can be achieved by exciting both fluorophores and splitting the fluorescence image using a long-pass filter. This can be done using two EM-CCD cameras or by projecting both images onto separate portions of a single EM-CCD sensor. A number of microscope add-ons that assist in image splitting, such as the Cairn Research OptoSplit and the Photometrics Dual Viewer, are commercially available. Multicolor experiments generally require multiple laser illumination sources and careful choices of fluorophores with non-overlapping emission spectra. However, recent experiments using single-wavelength [76] and super-continuum [72] excitations have proven the possibility of multicolor imaging at the single-molecule level using only one light source.
Choosing appropriate fluorophores
Choosing an appropriate fluorophore is a critical component of any single-molecule fluorescence experiment. Ideal fluorophores have strong emission in the yellow-red region of the visible spectrum, minimizing the influence of cellular autofluorescence, which is dominated by flavins and generally strongest at blue-green wavelengths [6] . The fluorophores most commonly used for in vivo gene regulation studies are fluorescent proteins, which have a wide range of photochemical properties. Several recent reviews have summarized the variety of available fluorescent proteins [20, 26, 68, 91] . For fluorescent proteins to be used in gene regulation studies, the following properties need to be considered: brightness, photostability, maturation rate, and suitability as a fusion protein. In many cases, bright (high quantum yield) and photostable (low photobleaching quantum yield) fluorescent proteins are preferred so that the tagged molecule can be tracked for a long period of time. Some methods require fluorescent proteins that are bright enough to be detected, yet can rapidly photobleach in order to detect newly synthesized protein molecules [33, 93] . A fast chromophore maturation rate is also important for probing gene regulation: the rates of transcription and translation are on the time scale of minutes so a fluorescent protein molecule that only becomes fluorescent hours after it is produced will be poorly suited to follow the dynamics of gene expression and regulation. The fastest maturing fluorescent protein thus far is a yellow fluorescent protein derivative named Venus [50] , which was reported to mature with a half life of a few minutes both in vitro and in live E. coli cells [33, 50, 93] . Finally, fluorescent protein reporters must efficiently fold and mature under the growth conditions of a specific experiment and must not perturb the system under study by aggregating or changing the properties of molecules to which they are fused.
Many gene expression reporters use fluorescent proteins because of the ease of genetic manipulation and the lack of any need for exogenous cofactors. However, fluorescent proteins are often less photostable and less bright than organic fluorophores. They are also larger than synthetic organic dyes and can promote aggregation [96] . Recent advances in specific labeling of proteins with synthetic fluorophores have made it possible to visualize the distribution and dynamics of a variety of macromolecules using super-resolution microscopy (see discussions below). In designing an experiment employing organic dyes, the permeability of organic fluorophores through the cell membrane must be considered. In addition, background from non-specifically bound dye molecules needs to be minimized to allow single-molecule detection. In the sections below, we will discuss some specific cases where organic dyes were used to probe various aspects of gene regulation.
Improving fluorescent signals
In general, fluorescent probes at high concentrations cannot be resolved with single-molecule resolution in living cells (Fig. 1a) , and the signal from a diffusing fluorophore is usually undetectable under regular imaging conditions with an exposure time longer than a few milliseconds (one exception will be discussed below) [17, 18] (Fig. 1b) . This is because within the exposure time, the fluorescence of a fastdiffusing molecule spreads across a large area and does not result in a clear, diffraction-limited fluorescent spot. However, a few strategies depicted in Fig. 1 can be applied to improve the detection.
First, if a fluorophore is anchored to a larger subcellular structure such as the cell membrane [33, 93] , an mRNA transcript [27, 28] or chromosomal DNA [15, 31] , its signal is localized to a diffraction-limited spot that is easily If many probes are present in the same cell and separated by less than the diffraction limit of light (∼half the emission wavelength), single molecules cannot be distinguished, and the whole cell appears bright. b Rapid diffusion of single molecules. Here, a single fluorescent probe undergoes free diffusion in the cytoplasm. In the corresponding fluorescent image, the molecule's fluorescence is spread throughout the cell, resulting in a low level of fluorescence that is lower than the autofluorescent background. c Detection by localization. Single fluorescent probes can be detected if they are anchored to static or slowly diffusing structures (e.g., the cell membrane as shown here). d Stroboscopic illumination. Single, freely diffusing molecules can be detected if excitation light is briefly pulsed; here, a diffusing probe is illuminated by bright laser light for a fraction of an image frame, and a diffraction-limited fluorescent spot appears in the corresponding image. e Detection by stochastic activation. A single probe can be detected in a large population of probes if only one probe in a diffraction-limited area is fluorescent at a given time; this can be done using stochastic photoactivating or photoswitching probes. f Amplification using multiple probes. Single molecules can be detected if many probes bind one target molecule at many specific binding sites, creating a specific signal above the fluorescent background from non-specifically bound and unbound probes. The use of large binding sites limits the spatial resolution of this technique detectable over background fluorescence (Fig. 1c) . Second, single fluorescent probes expressed at very low levels can be detected without being anchored to a cellular structure by using stroboscopic illumination. In this illumination mode, the camera shutter is opened in the dark, and an excitation laser is pulsed for only a fraction of the duration of the image frame (typically on the order of 1 ms). Because even freely diffusing, cytoplasmic molecules do not move very far in such a short period, molecular motion can be "frozen" in time, and hence, a clear image of the molecule can be formed (Fig. 1d) . Third, stochastic photoactivation or photoswitching methods such as photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) can be used to minimize the fluorescence background so that even though the probes are present at high levels, only one molecule in a diffraction-limited area is fluorescent at one time. Therefore, single-molecule images can be obtained (Fig. 1e) . Finally, fluorescent signals from single mRNA, DNA, or protein molecules can be amplified by using many fluorophores [11, 19, 23, 27, 28, 57, 73] . In these methods, each single molecule of interest contains binding sites for multiple fluorophores or directs the productions of multiple fluorophores; the aggregated signal from multiple probes is stronger than a single probe or the diffuse signal from unbound probes (Fig. 1f) .
In vivo single-molecule methods for probing different molecular species in gene regulation
In this section, we review currently available methods for probing various molecular species important for gene regulation. In particular, we focus on methods that enable singlemolecule detection of DNA (genes), transcription factors, mRNA, and protein molecules. We also touch upon recent work probing the dynamics of single RNA polymerase and ribosome molecules in living cells. Using these methods, valuable information has been obtained regarding transcription and translation and how transcription factors act to regulate gene expression.
Visualizing chromosomal DNA dynamics
Specific labeling of chromosomal loci using tandem arrays of DNA-binding sites with fluorescent protein fusions
The earliest single-molecule studies of gene regulation in living cells observed the localization and dynamics of different chromosomal loci. This was accomplished by inserting hundreds of tandem transcription-factor binding sites such as lacO, tetO, and parS into the chromosome and expressing fusion proteins containing both the corresponding transcription factor such as LacI, TetR, and ParB and fluorescent protein moieties (Fig. 2a ) [73] . By using many tandem binding sites, the signal from specifically bound fusion proteins is greater than the background fluorescence from unbound protein molecules (Fig. 1f) . Hence, the labeled DNA segment can be easily detected as a distinct fluorescent spot. This method has been used to track the location, motion, and large-scale movement of different chromosomal loci in Caulobacter crescentus [86] and E. coli cells [4, 38, 89] . It was also combined with the biochemical assay chromosome conformation capture (3C) to model the three-dimensional structure of the C. crescentus chromosome [79] .
While the use of hundreds of tandem binding sites gives rise to a strong fluorescent signal against cellular background, the accuracy of this method in determining the position of a DNA segment is limited by diffraction, because the long tandem binding sites span several kilobases, exceeding the size of a diffraction-limited spot. A recent study overcame this problem by using only six tandem repeats and co-expressing a low level of the corresponding TetR-eYFP fusion. Consequently, a spatial resolution of ∼35 nm was achieved in detecting the position of the resulting fluorescence spots [88] . The position of the labeled gene was then analyzed against the cellular localization of the corresponding transcription factor to reveal the regulation of the gene by the transcription factor. Here, the low expression level of the fusion protein was key to achieve low cellular background so that distinct, diffraction-limited fluorescent spots could be detected.
Non-specific labeling of DNA using organic dyes A second class of methods to probe the structure and dynamics of chromosomal DNA is to visualize the spatial distribution of DNA-binding dyes using single-molecule, super-resolution microscopy methods such as stochastic optical reconstruction microscopy (STORM [62] ) and derivatives such as dSTORM [81] . Using these super-resolution methods, DNA can be non-specifically labeled with a DNAbinding organic dye. The fluorescence of the dye can reversibly transition between fluorescent and metastable dark states; the dye may also reversibly bind to DNA, enhancing its fluorescence (Fig. 2b) [21] . Thus, not all dye molecules will fluoresce at the same time. By optimizing experimental conditions, the number of fluorescent dye molecules in a diffraction-limited area can be limited to only one at a time. The diffraction-limited fluorescence intensity profile of this single dye molecule can then be fit to a Gaussian function to extract its centroid position with a resolution on the order of 10 nm. The intercalating cyanine dye YOYO-1 was first used to image purified DNA in vitro with a resolution of ∼40 nm [22] . Later, another DNA major-groove-binding dye, PicoGreen, was used to map the organization of the E. coli chromosome both in fixed [65] and live [5] cells.
Visualizing DNA-binding protein dynamics
The spatial distribution and dynamics of a group of nucleoidassociated proteins, transcription factors, and histone protein have been visualized using single-molecule methods. In two studies, the nucleoid-associated proteins, HU, H-NS, Fis, IHF, StpA in E. coli (Fig. 2c) [88] and HU in C. crescentus [39] were fused to the photoactivatable fluorescent protein mEos2 [46] or photoswitchable fluorescent protein eYFP [8] . The intracellular distributions of these fusion proteins were then investigated using the super-resolution imaging method photoactivation localization microscopy (PALM [7] ). Similar to the principle of STORM, the fluorescence of the photoactivatable or photoswitchable fluorescent protein molecules can be activated or switched on one at a time in a diffraction-limited area by using a low activation/switching laser intensity. The positions of individual molecules can then be determined with high accuracy and superimposed to generate a super-resolution image. It was found that most varieties of nucleoid-associated proteins have a largely random distribution in fixed E. coli and C. crescentus cells, but that the H-NS protein, a global transcription factor, forms clusters with an average size of ∼160 nm that co-localize with genes known to be sequestered by H-NS (Fig. 2c) [88] . In another study, the histone protein H2B of mammalian cells was fused with E. coli dihydrofolate reductase, which binds noncovalently with a trimethoporin chemical tag (TMP) that is conjugated to a photoswitchable organic fluorophore AT-TO655 [90] . The membrane-permeable TMP-ATTO655 dye was introduced into cells by being included in the growth media. In this study, individual histone-core proteins spaced 100 nm were visualized, and their dynamics were tracked in live cells using the dSTORM super-resolution imaging method.
Two studies investigated the kinetics of the lac repressor LacI binding to its specific DNA-binding site lacO by fusing LacI to the yellow fluorescent protein Venus. Because non-specifically bound LacI-Venus molecules undergo rapid diffusion, only specifically bound LacI-Venus molecules will form distinct, diffraction-limited fluorescent spots. The key to this assay is that the expression level of LacI-Venus must be stringently controlled-the cellular fluorescence level from the non-specifically bound LacIVenus molecules needs to be sufficiently low to distinguish the specifically bound ones, which only have one or a few specific binding sites. Using this method, the authors monitored time-dependence of the fraction of cells showing distinct fluorescent spots, which is indicative of LacIVenus molecules unbinding DNA after induction (Fig. 2d ) [15, 31] and successfully dissected the DNA searching mechanisms of LacI by comparing to in vitro investigations of the "hopping" and "sliding" mechanisms [9, 66] and to theoretical studies on how macromolecular crowding in vivo influences this mobility [40] .
Visualizing mRNA and dynamics of transcription

Probing mRNA expression and transportation in living cells
In some ways, visualizing mRNA at the single-molecule level is a simpler task than visualizing DNA. Its singlestranded structure allows one to use highly specific oligonucleotide probes, and many RNA folding motifs are recognized specifically by proteins with strong binding affinities. However, relatively short mRNA lifetimes (especially in prokaryotic cells) introduce technical difficulties in experiments; live-cell experiments must quickly and specifically label mRNA molecules with mature fluorescent molecules. Several methods have arisen to combat these challenges.
The earliest experiments visualizing mRNA in living cells utilized a similar principle to achieve signal over background as that used to localize chromosomal loci discussed above. By introducing a tandem array of MS2 binding motif sequences (specific RNA sequences bound by the phage MS2 coat protein) into an mRNA of interest and coexpressing an MS2-EGFP fusion protein, the localization and dynamics of mammalian mRNA were found to vary depending on an mRNA "zip code" sequence [23] . This method was also used to track mRNA within the nucleus [37] and its transportation through the nuclear pore complex [49] . In bacterial cells, this method was employed to track mRNA localization dynamics (Fig. 3a) [27] and follow the production of single mRNA molecules in real time, which revealed that multiple mRNA molecules were produced in short transcriptional bursts (Fig. 3b) [28] . A recent experiment utilized the bacteriophage PP7 coat protein in a similar way to label nascent transcripts and observed the activity of single, elongating RNA polymerase molecules [37] .
Similar to the specific chromosomal DNA labeling method discussed above, the key to successful detection of single MS2-labeled mRNA molecules is to ensure that the fluorescent cellular background arising from unbound MS2 fusion fluorescent proteins is low. This is often achieved by finetuning the expression level of the fusion protein, which is not an easy task-especially in mammalian cells. To overcome the background problem, a new method was recently developed in which the mRNA of interested was engineered to have 96 repeat binding sites for a molecular beacon (reviewed in [82] ). Molecular beacons are single-stranded, hairpin-shaped DNA or DNA analog molecules that have a fluorescent dye and a quencher conjugated at either end. Freely molecular beacons have minimal fluorescence because the quencher and the fluorescent dye are in close contact in the hairpin structure. Upon hybridization with a complementary mRNA strand, molecular-beacon molecules become fluorescent due to the opening of the hairpin. Using this method, the transport of single mRNA-protein complexes from transcription sites to nuclear pores was tracked [83] . Note that in this assay, molecular beacons must be microinjected into cells; so far, this is not possible in prokaryotic cells.
Two other methods, which are not yet at the singlemolecule level, take different approaches to minimize fluorescence background. In one method, bi-molecular fluorescence complementation [25] is used to label mRNA transcripts. Here, RNA molecules containing an RNA aptamer recognized by the eukaryotic initiation factor eIF4a were imaged by co-expressing two fragments of eIF4a fused to two fragments of GFP [80] . The GFP chromophore only becomes fluorescent when both halves of eIF4a bind the RNA aptamer and the two GFP fragments form a complete fluorescent complex. GFP fragments not brought together by binding to the RNA aptamer are not fluorescent, minimizing cellular background. This study did not achieve sufficient brightness for single-molecule resolution, but another recent study demonstrated that a split GFP molecule can be detected at the single-molecule level in living cells [55] . One factor to consider for this method is that the slow maturation rate of the split GFP might limit how much dynamic information can be learned about mRNA synthesis. Fig. 3 Imaging single mRNA transcripts. a A single mRNA transcript was tracked within a living E. coli cell for 6 min (scale bar 1 μm) by incorporating an array of 96 MS2 binding sequences into transcripts and co-expressing GFP-MS2 fusion proteins (adapted from [27] ). b In an experiment similar to that in a, the appearance of fluorescent spots corresponding to mRNA transcripts bearing MS2 arrays was observed in growing E. coli colonies (adapted from [28] In the second method, an RNA aptamer that binds specifically to a cell-permeable, GFP fluorophore-like dye was developed. The dye is not fluorescent in the absence of RNA-aptamer binding. Upon binding, the RNA aptamer mimics structural contacts of GFP to its encaged fluorophore to activate the dye's fluorescence. The resulting RNA-dye complex, termed Spinach, has a molar brightness of ∼50 % of eGFP [52] . One advantage of this method is that the RNA aptamer is much smaller in size (∼100 bases) than the tandem ms2 sequence or 96 molecular beacon binding sites used in other studies, which could introduce less perturbation to native RNA structure and dynamics.
All the above methods require the engineering of native RNA sequences in order to introduce the binding site for a specific labeling fluorophore. The addition of these tags may change the structure and lifetime of the mRNA of study. A new method overcame this problem by targeting a multiply labeled tetravalent RNA imaging probe (MTRIP) to native mRNA sequences [64] . In this method, multiple (three on average) fluorophores (Cy3B or Atto647N) were conjugated to one oligonucleotide which has a 5′ biotin tag. Four of the oligonucleotides were then bound to streptavidin to form one MTRIP probe and delivered into cells via pores formed by a bacterial toxin; permeabilization was reversed by exchanging the media for one lacking toxin. Once inside the cell, these probes specifically recognized and hybridized with target mRNA molecules. Because each MTRIP probe contained on average 12 fluorophores, the fluorescence single was greatly enhanced, and correspondingly, single mRNA molecules could be detected.
Among the methods discussed above, the ones that using molecular beacons or oligonucleotides labeled with organic dyes are not amenable to prokaryotic systems since it is difficult to deliver these probes into bacterial cells using microinjection. However, recent studies have shown that it may be possible to partially permeablize a bacterial cell by detergent treatment to get exogenous fluorescent probes into bacterial cells while minimally perturbing cell physiology [69] .
Counting single mRNA molecules using fluorescence in situ hybridization
The single molecule fluorescence in situ hybridization (SM-FISH) method, which can only be performed on fixed cells, offers higher spatial resolution, labeling specificity, and detection sensitivity than the live-cell mRNA assays [58] . In this method, cells are fixed, permeabilized, and one or more short oligonucleotides each conjugated to a fluorescent dye are added to hybridize with complimentary target mRNAs (Fig. 3c) . After hybridization, cells are extensively washed to minimize unbound probes. Detection of single mRNA molecules was first achieved using five probes complimentary to the β-actin transcript [19] . The number of oligonucleotide probes has ranged from one [75] to as many as 48 targeting non-overlapping sequences on the same transcript [58] . The design and synthesis of the latter is now commercially available from Biosearch Technologies. Recent work has shown that SM-FISH is applicable in numerous experimental systems including bacteria [71, 94] , yeast [74, 95] mammalian tissue culture [57] , tissue extracted from whole mice [29, 36] , Caenorhabditis elegans [47, 63] , and Drosophila [43] with very robust and reproducible results.
The use of multiple probes helps discriminate against non-specifically bound fluorescent probes [57] , but singleprobe SM-FISH measurements offer an easy way to quantify the copy numbers of mRNA molecules because each single probe corresponds to one single mRNA molecule [75] . When multiple probes are used, the number of mRNA molecule in large eukaryotic cells is quantified by counting the number of separate fluorescent spots-in these large cells, individual mRNA molecules are often dispersed and do not overlap. In small bacterial cells, when multiple probes are used, the number of mRNA transcripts is quantified by dividing the total fluorescence intensity of individual spot to the expected fluorescence intensity of a single transcript [71, 94] . Note that the fluorescence intensity of a single transcript does not necessarily correspond to the expected fluorescence intensity of all probes added together because, frequently, a transcript is only labeled at a fraction of all possible probe-binding sites. In our lab, working with E. coli cells, we found that ∼30 non-overlapping probes in fairly stringent washing conditions reproducibly results an average of ∼6 probes bound to each target mRNA. This enables reasonably quantized intensities for fluorescent spots corresponding to single or multiple mRNA molecules.
The SM-FISH method is often used to measure the copy number distributions of RNA molecules in fixed cells and to gain insight into underlying transcription mechanisms. Constitutive expression at a constant rate results in a Poisson distribution of mRNA copy numbers, while greater-thanPoisson variance could arise from various sources of biomolecular noise or pulsatile transcriptional mechanisms [77] . Pulsatile transcription, or transcriptional bursting, has been inferred from eukaryotic RNA distributions using SM-FISH for ribosomal RNA transcription in yeast [74] and mRNA transcription in mammalian cells [57] , where it was found to likely depend upon local chromatin remodeling. One study in yeast used SM-FISH to find that transcription from some promoters proceeded at a constant rate while others were bursty [95] . Transcriptional bursting has also been found in E. coli using SM-FISH [71, 94] , but the molecular mechanism of bursting is unknown [48] . By changing the portion of a transcript targeted by hybridization or using two-color imaging, the SM-FISH method has also been applied to identify roles for non-coding RNA in yeast transcription regulation [10] , study mRNA splicing [84] , and investigate regulation of mRNA decay [78] . In these experiments, single transcripts in vivo were first identified as isolated fluorescent spots. Next, by choosing the correct combination of probe sequences and label colors, one can determine whether one or more sequences appear in a given transcript molecule. For example, a two-color experiment used differently colored SM-FISH probes to label the 5′ end of a transcript and the rest of the transcript, making it possible to distinguish between nascent and mature transcripts, which was required to estimate the rates of both transcription and transcript decay [78] .
Recent developments are pushing the capabilities of SM-FISH. One study used a multicolor, combinatorial approach of SM-FISH to simultaneously measure the distribution of 32 different mRNA transcripts in a single cell [45] . In this approach, a set of probes with a unique combination of colors was designed against each target mRNA transcript. The identity of a transcript is then ascertained by measuring the relative intensity of different colors in a fluorescent spot. To further enhance this method's multiplex capabilities, photoswitchable dyes such as those used in superresolution imaging method STORM were used to enable the identification of single mRNA molecules' positions with ∼20-nm resolution. In another study, SM-FISH was combined with other fluorescence methods to simultaneously visualize E. coli and C. crescentus mRNA transcripts (using SM-FISH) and their genetic locus (using an array of lacO sites and a fusion of a fluorescent protein and the lac repressor). The authors found that the mRNA was strongly co-localized with its encoding gene [44] . This implied that, for this gene, mRNA diffusion from the site of transcription occurred at a much lower rate than mRNA degradation.
Visualizing protein expression and dynamics of translation
Probing translation dynamics
Single-molecule methods have been applied to study the cell's regulatory response to amino-acid starvation [17] . The photoactivatable fluorescent protein Dendra2 was fused to RelA, an enzyme that catalyzes the production of a molecule that triggers physiological remodeling of bacteria in the stringent response [56] . The free diffusion of RelA molecules in cytoplasm was imaged using stroboscopic illumination (Figs. 1d and 4a) . In stroboscopic illumination, the sample is illuminated for only a fraction of the total exposure time (on the order of 1 ms) [92] . Stroboscopic illumination "freezes" the molecule's action in time and a clear fluorescence image of the molecule can be obtained. Using this method, the authors found that under normal conditions, RelA molecules were sequestered by the large ribosome complex and diffused at the same rate as a ribosomal subunit, but upon starvation, RelA was released into the cytoplasm and diffused at the same rate as free mEos2 (Fig. 4b) [17] . Here, using the photoactivatable Dendra2 and mEos2 as well as stroboscopic illumination were key: photoactivation allowed only one molecule at a time to be tracked with minimal fluorescent background while stroboscopic illumination enabled tracking freely diffusing protein molecules in the cytoplasm.
Very recently, spatial distributions of RNA polymerase and ribosome complexes were mapped in living E. coli cells using a super-resolution imaging method [2] . The ribosomal subunit S2 was fused to eYFP and localized at the singlemolecule level. This was done by first photobleaching the initial fluorescent population using strong laser illumination and then localizing/tracking individual YFP molecules that return to the fluorescent state either spontaneously or by UV activation [8, 13] . Similarly, the β′ RNA polymerase subunit was fused to yGFP [32] , and its spatial distribution was mapped. In this study, S2-YFP and β′-yGFP molecules were excited by 15-ms laser pulses during 30-ms imaging frames. The 15-ms laser pulse was sufficiently long so that only ribosomes and RNA polymerase complexes tethered to their template molecules were visualized. This is because protein complexes not bound to larger nucleic-acid templates generally diffuse too far within 15 ms to create a localized, diffraction-limited fluorescent spot. By comparing the spatial distributions of both ribosome and RNA polymerase with that of the nucleoid with high resolution, the authors found RNA polymerase molecules are distributed near cytoplasmic membrane throughout most of the cell but not at the cellular end caps, suggesting that "transertion," the coupling of transcription, translation, and membrane-protein insertion, can account for radial, but not axial, expansion of the nucleoid.
Probing protein production
Recently, the expression of single protein molecules in live bacterial cells was followed in real time. In these studies, a bright, fast-maturing yellow fluorescent protein Venus [50] was fused to the membrane-bound E. coli serine receptor Tsr (Fig. 4c) [33, 75, 93] . The membrane-bound Tsr sequence targets newly produced Venus molecules to the membrane; since the diffusion of these membrane-targeted molecules is greatly slowed, they can be easily detected as individual, diffraction-limited spots (Fig. 1c) . Hence, the activity of the promoter driving Tsr-Venus fusion expression was followed in real time by counting the number of newly produced TsrVenus molecules on the membrane [93] . Once detected, fluorescent molecules were photobleached so that any fluorescent spots appearing in the subsequent image come from newly synthesized fluorescent protein molecules. Using this method, burst-like protein production was directly observed [33, 93] , and fluctuations in protein production were analyzed [75] .
Note that the measurement of protein production, rather than concentration, is particularly important as it can be used to distinguish between possible mechanisms of gene expression that produce indistinguishable concentration distributions [35, 53] .
Probing autoregulation of transcription factor without disrupting function
Studies employing direct fusions of fluorescent proteins to molecules of interest can be problematic, especially for transcription factors, which are often small, with both termini containing important functional surfaces for DNA binding or multimerization. The single-molecule gene expression reporter Tsr-Venus must be targeted to membrane to achieve single-molecule detection sensitivity, which is not compatible with probing the production of transcription factors or proteins that requires specific, nonmembrane localization. To overcome this problem, a new method called co-translational activation by cleavage (CoTrAC) was developed [33] . The Tsr-Venus reporter was expressed in fusion with a transcription factor (the bacteriophage λ repressor CI) with the ubiquitin (Ub) sequence inserted in between to create a single polypeptide chain Tsr-Venus-Ub-CI (Fig. 4c) [33] . The Tsr-Venus-Ub chain was cleaved from CI by co-expressing the ubiquitin hydrolase Ubp1, which specifically recognize the Ubiquitin sequence and cleaves at the last glycine residue of ubiquitin, The EM-CCD camera directs short pulses of illumination light that last a fraction of the image frame time by triggering an acousto-optic modulator (AOM) that modulates the excitation beam (adapted from [17] ). b The positions of single RelA protein molecules were tracked using stroboscopic illumination (adapted from [17] ) and fitting fluorescent spots to a two-dimensional Gaussian function (top right). Molecules observed slowly in normal growth conditions (middle) and rapidly under conditions of amino-acid starvation (bottom). c The production of single transcription factor molecules was following in growing cell lineages using the CoTrAC method (adapted from [33] ). Top, in the CoTrAC method, a protein of interest such as the λ repressor CI (red) is expressed in translational fusion with a membrane-localized fluorescent probe (here, Tsr-Venus, yellow) with the ubiquitin sequence inserted in between. The ubiquitin hydrolase Ubp1 (orange) is coexpressed and co-translationally cleaves the nascent polypeptide chain so that CI molecules can be detected by counting single Venus probes without affecting transcription regulation by CI. Bottom, CoTrAC was used to create time traces of the number transcription molecules produced in every 5-min time interval in cell lineages; the x-axis indicates elapsed time in min, and the y-axis indicates the number of protein molecules produced; dashed red lines indicate cell division times. d The quantized expression of β-galactosidase enzymes from one or a few cells was observed in single microfabricated chambers (top left). Bottom left, budding yeast cell in one chamber. Right, the total fluorescence signal within a chamber increased linearly over time, with the slope corresponding to the number of active enzyme molecules in each chamber (adapted from [11]) leaving a transcription factor with a native peptide sequence. In this way, the number of CI molecules expressed was measured by counting the number of membrane-bound Tsr-Venus-Ub molecules without CI autoregulatory functions being perturbed (Fig. 4c) [33] .
Indirect, single-molecule observation of protein production Lastly, it is possible to detect protein expression at the single-molecule level by detecting enzymatic activity of single expressed protein molecules. In one such study, β-galactosidase was used as the gene expression reporter, and its expression was detected at the single-molecule level by monitoring the hydrolysis of the fluorogenic substrate fluorescein-di-β-D-galactopyranoside in microfluidic chambers where single E. coli, yeast, or embryonic mouse cells was confined (Fig. 4d) [11] . The rate of increase of the fluorescence level of the microfludic chamber was proportional to the number of active β-galactosidase enzyme molecules expressed from the cell within the chamber; with fluorescence-increase rates being quantized and evenly spaced for chambers with 1 to 3 enzyme molecules. Because the reaction product in this experiment diffuses out of the cell, the method is limited to studying a single cell per isolated well. The development of a reporter that can be retained inside the cell could make it possible to observe gene expression in growing cell colonies.
Future directions
Recent developments in single-molecule methods have provided a wealth of information regarding various aspects of gene regulation in vivo. Nevertheless, the field will benefit from further development in single-molecule fluorescent reporters. For one, in higher eukaryotic cells, there is no single-molecule reporter of protein expression similar to the Tsr-Venus reporter in E. coli cells. Secondly, there is no fastmaturing, red fluorescent protein with comparable maturation kinetics to the yellow fluorescent protein Venus. Having such a fluorescent protein will enable simultaneous, singlemolecule probing of two genes, offering great potential to reveal the dynamics of mutually regulatory genes. Finally, in vivo, single-molecule assays focus on the detection of individual transcription factor, mRNA, and protein molecules, while studies directly probing dynamics of single RNA polymerase and ribosome complexes in living cells are much fewer. There are many unanswered questions that can potentially be addressed by modulating the activity of these enzymes before and during synthesis and observing single-molecule dynamics in vivo. Particularly, there is a wealth of single-molecule, in vitro experiments for both RNA polymerase and ribosome; it will be interesting to see the extent to which in vitro results are reproducible within a living cell. Ultimately, results from in vivo, single-molecule experiments will play important roles in determining how gene regulation robustly controls cellular function and cell fate in spite of the low copy numbers of genes, mRNA transcripts, and transcription factors.
